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Abstract
The ontogeny of corticotropin-releasing hormone (CRH) receptor messenger ribonucleic acid
(mRNA) in rat brain, using in situ hybridization, is the focus of this study. The developmental
profile of CRH receptor using binding assays and receptor autoradiography has been reported, but
may be confounded by the presence of a binding protein. The recent cloning of the rat CRH
receptor gene has permitted the use of in situ hybridization histochemistry to map the distribution
of cells expressing CRH receptor mRNA in the developing brain. We used antisense 35S-labeled
oligodeoxynucleotide probes for the two reported splice-variants of the CRH receptor mRNA,
which yielded essentially identical localization patterns. CRH receptor mRNA was clearly
detectable in infant brain starting on the second postnatal day. Signal in hippocampal CA1, CA2
and CA3a increased to 300–600% of adult levels by postnatal day 6 with a subsequent gradual
decline. In the amygdala, in contrast, CRH receptor mRNA abundance increased steadily between
the second and the ninth postnatal days, to levels twice higher than those in the adult. In the
cortex, CRH receptor mRNA levels were high on postnatal day 2 and decreased to adult levels by
day 12. Transient signal over the hypothalamic paraventricular nucleus, observed on the second
postnatal day, was not evident at older ages. These results demonstrate robust synthesis of CRH
receptor as early as on the second postnatal day and unique region-specific developmental profiles
for CRH receptor gene expression.
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1. Introduction
Regulation of CRH receptor number may be an important mechanism for modulation of the
response to stress [9,10]. Developmental regulation of stress-related [8,20] and other effects
of CRH have been demonstrated [1,3]. Autoradiography and radioligand binding studies
during early postnatal life in the rat have demonstrated changes in receptor number and
regional distribution [5,6,11,12,15]. The two methods have yielded conflicting information
regarding CRH receptor distribution in a number of brain regions [12,16,17]. A potential
basis for this discrepancy derives from CRH binding protein which may interact with the
CRH ligand [12,16]. Binding studies may also provide limited information on the actual site
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of receptor synthesis because ligands may bind to neural receptors on cell bodies and along
dendrites and axons [17]. The recent cloning of cDNAs encoding the rat CRH receptor
[4,14] permits mapping the distribution of cells expressing CRH receptor messenger
ribonucleic acid (mRNA) [17,21]. In this study, we report on the developmental profile of
CRH receptor mRNA in limbic brain regions of the rat brain.
2. Materials and methods
2.1. Animals
Timed pregnancy Sprague–Dawley rats were purchased from Zivic-Miller (Zelienople, PA).
Rats were maintained in NIH-approved animal facilities and kept on a 12-h light/dark cycle
with access to unlimited lab chow and water [17]. Delivery was verified at 12-h intervals
and the day of birth was considered day 0. Rats were sacrificed on postnatal day 2, 4, 6, 9,
12, 16 or 90 (adult).
2.2. Tissue preparation and handling
Rats were decapitated within 45 s of disturbance. Brains were rapidly removed, frozen on
powdered dry ice and stored at −80°C. They were cut into 20 μm sections in the coronal
plane in a cryostat and mounted on gelatin-coated slides.
2.3. Generation and labeling of oligodeoxynucleotide probes
An antisense probe was designed, based on the published sequence of the cloned rat-CRH
receptor [4,14]. The probe targeted the spliced region between the third and fourth
transmembrane domains [4], and consisted of a 35 oligodeoxynucleotide encompassing
bases 211–246 of the CRH-receptor cDNA, which is entirely within the ‘spliced’ region.
(The putative splice sites are at the 178–179 and 223–224 codons). Probe sequence was: 5′-
ACAGCCAT-TGTGCTCACGTACTCCACCGACCGTCT-3′. A ‘sense’
deoxyoligonucleotide, complementary to the sequence above was generated and labeled as a
specificity control. Probes were 3′-labeled with [S35]dATP using terminyldeoxynucleotidyl
transferase [23], and purified on Nuctrap columns (Stratagene, La Jolla, Ca). Specific
activity was 1.3–5.4 × 108 cpm/μg.
2.4. In situ hybridization histochemistry and analysis
Details of in situ hybridization (ISH) and image analysis have been described [2,23].
Briefly, sections were brought to room temperature, air-dried and fixed for 20 min in fresh
4% buffered paraformaldehyde. After a graded ethanol treatment, sections were exposed to
acetic anhy-dride-triethanolamine and dehydrated through 100% ethanol. Sections were
prehybridized for 1 h, then hybridized for 20 h at 40°C in a humidity chamber. Sections
were washed in 2 × SSC for 15 min four times at 40°C, followed by 1 × and 0.3 × SSC for
30 min each at room temperature. The sections were dehydrated through 70, 80, 95 and
100% ethanol, air dried and apposed to film (Hyperfilm B-Max, Amersham, IL) for 5–7
days.
Quantitative image analysis of CRH receptor mRNA was achieved using the MCID
software image analysis system (Imaging Research, St. Catherine, Ont., Canada). Optical
density was determined over hippocampal regions CA1, CA2, CA3, over the dentate gyrus
(DG), the frontal and piriform cortex, central nucleus (CEA) and lateral nucleus (ALA) of
the amygdala, and the paraventricular nucleus (PVN). Each point was derived from a
minimum 4 sections from 2–3 individual rats. Brainpaste standardized values and ratio of
structure/background were both obtained. For tabulation, a semiquantitative scale was used:
(+) = 40–225, (+ +) = 225–500, (+ + +) = 500–1000 and (+ + + +) = 1000–1600 cpm/mg
tissue.
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3. Results
CRH receptor mRNA was clearly detectable in infant rat brain starting on the second
postnatal day (Table 1). In the hippocampus, CRH receptor was expressed throughout the
pyramidal cell layer including all subregions of the CA3. The signal over CA1, CA2 and
CA3a increased to 300–600% of adult values by postnatal day 6 with a subsequent gradual
decline (Table 1, Figs. 1 and 2). CRH receptor mRNA in both central and lateral amygdala
nuclei increased steadily starting on the second postnatal day and peaked at twice adult
levels by postnatal day 9. In neocortex, CRH receptor mRNA was maximal on the second
postnatal day and decreased gradually, reaching adult values by the twelfth day (Table 1,
Figs. 1 and 2). Transient signal over the PVN observed on the second postnatal day was not
evident at older ages (Table 1).
In adult brain (Fig. 3), CRH receptor mRNA abundance was high in the granule cell layer of
the dentate gyrus, especially the inferior blade (large arrow), in the piriform cortex (star) and
in the pyramidal cell layer of the hippocampus. In the hippocampal CA3 region, CRH
receptor was expressed in CA3a (small arrow) a as well as CA3b and c. No signal was
localized over the PVN (Table 1). ISH using the ‘sense’ probe yielded no evident
hybridization (Fig. 4).
4. Discussion
CRH receptor mRNA distribution during development revealed several distinctive spatial
and temporal patterns. In the hippocampal CA1, CA2 and CA3a, peak CRH receptor mRNA
occurred on postnatal day 6. In the amygdala, CRH receptor mRNA levels was maximal on
the ninth postnatal day, but reached only 180% of adult values. Conversely, a steady decline
from high postnatal day 2 levels occurred in neocortical CRH receptor mRNA. These
findings demonstrate distinct, regional, age-specific control of the synthesis of CRH receptor
[12,15,17].
The developmental pattern of the expression of CRH receptor may provide a mechanism for
modulation of the age specific role of CRH in different regions. For example, a high ratio of
hippocampus/amygdala receptors may preferentially activated negative hippocampal input
into the PVN during the neonatal period [18,19,22]. Increased CRH receptor mRNA in the
infant compared with the adult also provides a mechanism for the high excitatory effect of
the peptide at this age [1,3]. Both in the infant [1,3] and in the adult [7], CRH-induced
seizures originate in the amygdala and propagate to the hippocampus and neocortex [1].
These excitatory CRH effects are mediated via CRH receptors, since they are completely
reversed by CRH receptor antagonists [3].
This study focused on the first member of the CRH receptor family, which has been
demonstrated in the brain, pituitary, and other organs [13]. This receptor likely mediates the
neuroendocrine effects of CRH [13]. A second member of the CRH receptor family has been
recently described [13]. The novel receptor has been named CRF2, while the original CRH
receptor was designated as CBF1. These two receptor cDNAs share a 71% homology [13].
GenBank data combined with analysis of homology and hybridization (MacMolly,
SoftGene, Berlin, Germany) strongly indicate that the oligodeoxynucleotide used for this
study interacts specifically with the CRF1.
In the adult brain, there are significantly distinct distribution patterns of the two receptors:
for example, CRF2 is undetectable in neocortex, unlike published [17] and our findings
(Table 1) for CRF1. Conversely, high CRF2 levels have been demonstrated in the
ventromedial nucleus of the hypothalamus and in the lateral septum, both regions with little
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CRF1, gene expression in our hands. The developmental profile of the novel receptor, CRF2,
and its mRNA are not yet known.
In summary, CRH receptor mRNA is distributed in the rat limbic system in a distinctive,
developmentally regulated pattern. This suggests that receptor regulation contributes to the
modulation of the effect of CRH itself.
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Fig. 1.
Graph showing distinct developmental profiles of CRH receptor mRNA in three limbic
structures, cortex, hippocampus and amygdala.
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Fig. 2.
Computer-generated pseudocolor image, showing CRH receptor mRNA distribution in the
nine day old rat forebrain. Large arrow points to the CA3 pyramidal layer of the
hippocampus, revealing high receptor mRNA density (yellow-pink). Small arrow shows the
piriform cortex. Bar = 0.18 mm.
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Fig. 3.
Coronal section through adult forebrain after in situ hybridization for the CRH receptor
mRNA. High receptor density is seen in hippocampal CA3 (small arrow), the inferior blade
of the dentate gyrus (large arrow) and the piriform cortex (star). Bar = 0.20 mm.
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Fig. 4.
Coronal section of an adult rat forebrain. The section was subjected to in situ hybridization
using an oligodeoxynucleotide probe complementary to that used for localization of CRH-
receptor-mRNA (‘sense’ control). Little signal is visible. Bar = 0.2 mm.
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